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gen improved the performance of rats on other meaFor example, systemic or intrahippocampal adminissures of learning and memory, particularly tasks that tration of a water-soluble form of estradiol within 1 h are dependent on spatial working memory. For example, in an 8-arm radial maze, estradiol delivered via Silastic capsules following training improved working of 1 to 5 h were instituted between the fourth and the Emanuel, Dunn, and Buckwalter, 1994 ; Tang, Jacobs, Stern, Marder, Schofield, Gurland, Andrews, and Mayfifth arm choices on posttraining tests (Luine and Rodriguez, 1994) . Young, gonadectomized females with Sieux, 1996) , and data regarding the therapeutic regimens and contributing mechanisms associated with this imlastic implants that produced proestrous levels of estradiol (90 pg/ml) failed to display similar improvements portant phenomenon currently are limited. In the first experiment, the effects on working memory during rain maze performance. However, Silastic capsules that generated diestrous levels of estradiol (15 pg/ml) endial arm maze acquisition induced by estradiol delivered at constant levels prior to and throughout training hanced the performance of young, gonadectomized females on the radial maze on trials with delays of 3 to were examined. In the second and third experiments, three different schedules of estrogen exposure, prior to 5 h between the fourth and the fifth arm choices (V. Luine, personal communication) . In another series of training, during training, or both, were compared for their effects on working memory performance during experiments, both low (40 pg/ml) and high levels of estradiol (200 pg/ml) delivered via Silastic implants to maze acquisition. young and aged ovariectomized rats beginning immediately prior to initiation of training improved arm choice accuracy on a 12-arm radial maze task with 8
EXPERIMENT 1
arms baited and 4 arms unbaited (Williams, 1996) . However, after 12 months of chronic estradiol replace-
The goal of the first experiment was to determine whether estradiol delivered at constant levels to ovariment at either plasma level, this improvement was not evident. Despite the dendritic proliferation in hippoectomized rats beginning 30 days prior to training and continuing for 24 days throughout training affected campal morphology reported at proestrus (Woolley et al., 1990; Woolley and McEwen, 1992) , no differences working memory performance during acquisition in an eight-arm radial maze with all arms baited. in the acquisition or performance in an 8-arm radial maze were found across the estrous cycle in female rats, although sensorimotor or motivational factors were imMethod paired at proestrus (Stackman, Blasberg, Langan, and Clark, 1997) . In our laboratory, daily administration of Subjects. Thirty-two Long -Evans hooded female rats, approximately 25 days of age, were purchased a physiological dose of estrogen (5 mg/kg estradiol benzoate) beginning 1 week prior to training and continufrom Harlan Sprague -Dawley, Inc. (Indianapolis, IN). Rats were housed in a temperature-controlled vivarium ing throughout 2 weeks of training significantly improved choice accuracy during acquisition of reinforced under a 12-h light/dark cycle (lights on at 7 AM). At 35 days of age, females were ovariectomized while under T-maze alternation in ovariectomized rats (Fader, Hendricson, and Dohanich, submitted for publication) . Fianesthesia induced by injection of ketamine (100 mg/ kg im, Bristol Laboratories, Syracuse, NY) and xylazine nally, estradiol replacement to physiological levels from Silastic capsules (36 pg/ml) implanted for 5 or 28 weeks (7 mg/kg im, Miles Laboratories, Shawnee, KS). At the time of the ovariectomies, 5-mm Silastic capsules (0.058-increased the number of avoidances displayed by ovariectomized rats on a two-way active avoidance task in. i.d. and 0.077 in. o.d., Dow Corning, Midland, MI) containing either cholesterol (Sigma Chemical Co., St. (Singh, Meyer, Millard, and Simpkins, 1994) . Together, these data indicate that estrogen can enhance perforLouis, MO, n Å 16) or 25% 17b-estradiol (Sigma Chemical Co., n Å 16) diluted with cholesterol were implanted mance on some tasks of learning and memory, particularly when measures depend on working memory and subcutaneously on the dorsal aspect of the neck. Capsules of the same dimensions and estradiol concentraspecifically when estradiol is present at constant levels over a number of days or weeks.
tion have been demonstrated to maintain circulating estradiol titers at 15 -20 pg/ml, a low level typical of The objective of the present study was to determine the effects of estrogen during the acquisition of an diestrus (Luine and Rodriguez, 1994; V. Luine, personal communication; Singh et al., 1994) . Half of the females eight-arm radial maze in ovariectomized rats using a treatment paradigm that more closely reflected a theraunder each hormone condition were housed individually in stainless steel cages and half of the females were peutic replacement regimen than the physiological fluctuations characteristic of normal reproductive cyhoused in groups of eight (four rats in each hormone condition) in 75-gallon aquaria with an assortment of cles. Recent evidence suggests that postmenopausal estrogen replacement reduces the risk and severity of Alzplay objects that were changed daily. All rats were allowed free access to water and Purina Laboratory Rat heimer's disease in women (Henderson, Paganini-Hill, Chow (Purina Mills, St. Louis, MO) prior to initiation females. Significant main effects of block for mean number correct of first eight choices, F(5, 580) Å 10.63, P õ of food restriction. Animal care was in accordance with guidelines set by the National Institutes of Health Guide 0.0001, and for mean number correct before the first error, F(5,580) Å 16.67, P õ 0.0001, indicated that the for the Care and Use of Laboratory Animals.
Procedures. Thirty days after surgeries and followperformance of both groups improved over time. No interaction of hormone condition and block was reing Silastic capsule implantation, radial maze training began. All rats were placed on diets to maintain body vealed. Figure 1B illustrates the effects of estrogen on acquisition over 24 days, presented in blocks of 4 days. weights at 90% of their free-feeding weights and were allowed to gain an additional 5 g per week to account for normal growth. Females were trained to obtain food rewards (Kellogg's Froot Loops) from the arms of an EXPERIMENT 2 elevated eight-arm radial maze obtained commercially from Lafayette Instruments (Lafayette, IN). The maze
The results of Experiment 1 demonstrated that females treated with estradiol beginning 30 days prior to consisted of black metal floors and clear Plexiglas walls. The eight arms (10 cm wide 1 70 cm long 1 20 cm training and continuing throughout 24 days of training displayed enhanced performance in the radial arm high) were separated from an octagonal center compartment (33 cm across) by guillotine doors which maze as indicated by increased arm choice accuracy. The goal of the second experiment was to determine could be opened or closed silently by electrical relay. The room in which the maze was located contained the regimen of estradiol exposure necessary to improve maze performance. Specifically, estradiol was adminismany fixed extramaze cues. To begin each trial, the rat was placed in the center compartment of the maze with tered by Silastic capsules for 30 days prior to training, throughout 24 days of training, or both. the doors of the arms closed. All doors were then opened, and the rat was allowed to enter any of the eight arms. An arm choice was scored if the rat traveled Method halfway down the length of an arm. The animal was allowed to choose arms in any order until all arms were Thirty-six Long -Evans females were obtained at 25 days of age and housed four per cage. At 35 days of visited or until 5 min elapsed. An error was scored if a rat reentered an arm previously visited. Accuracy was age, all animals were ovariectomized and 5-mm Silastic capsules were implanted subcutaneously for various scored by two measures, number of correct choices in the first eight visits and number of correct choices until time periods. Nine females were assigned to each of the following treatment groups: (1) 25% estradiol imthe first error. Each female was tested once daily between 9 AM and 12 PM for 24 consecutive days.
plant for 30 days prior to training and cholesterol implant throughout training, (2) cholesterol implant for 30 days prior to training and 25% estradiol implant Results throughout training, (3) 25% estradiol implant for 30 days prior to training and throughout training, or (4) Figure 1 illustrates that estrogen-treated ovariectomized rats outperformed cholesterol-treated ovariectocholesterol implant for 30 days prior to training and throughout training. Food restriction and maze training mized rats during acquisition of an eight-arm radial maze. Because no effect of housing condition was presprocedures were as described for Experiment 1. ent, the data were collapsed to analyze the effect of hormone condition alone. Two of the estrogen-treated Results females were eliminated from the experiment due to damage to Silastic capsules. Choice accuracy data col- Figure 2 illustrates that ovariectomized rats that received estrogen prior to training, throughout training, lected over 24 days were analyzed by a two-way AN-OVA (hormone condition, 4-day block) with repeated or both significantly outperformed ovariectomized rats that received only cholesterol during acquisition of an measures on block. Significant main effects of hormone indicated that estrogen-treated females achieved a sigeight-arm radial maze. Three females (one receiving estrogen prior to training, one receiving estrogen prior nificantly higher mean number of correct arm choices in the first eight visits, F(1, 116) Å 6.88, P õ 0.01, Fig. to and throughout training, and one receiving cholesterol prior to and throughout training) were eliminated 1A, and achieved a significantly higher mean number of correct choices before making an error, F(1, 116) Å from the experiment due to damage to Silastic capsules. Choice accuracy data collected over 24 days were ana-9.67, P õ 0.002, Table 1 , compared to cholesterol-treated lyzed by a two-way ANOVA (hormone condition, 4-number of correct arm choices in the first eight visits (Newman -Keuls, P õ 0.05, Fig. 2A ) and achieved a day block) with repeated measures on block. Significant main effects of hormone condition were revealed for significantly higher mean number of correct choices before making an error (Newman -Keuls, P õ 0.05, Table mean number of correct choices in the first eight visits, F(3, 128) Å 4.07, P õ 0.01, and for mean number of 1) than females that received only cholesterol. No significant differences were revealed in arm choice accucorrect choices before making an error, F(3, 128) Å 3.47, P õ 0.02. Post hoc comparisons revealed that females racy among the three groups of females that received the different schedules of estrogen exposure. Significant that received estrogen prior to training, throughout training, or both achieved a significantly higher mean main effects of block for mean number correct of first eight choices, F(5, 640) Å 25.77, P õ 0.0001, and for mean number correct before the first error, F(5, 640) Å Specifically, estradiol again was administered by Silas-* P õ 0.05 (ANOVA, Experiments 1 and 3; ANOVA followed by Newman -Kuels, Experiment 2). tic capsules for 30 days prior to training.
FIG. 2.
Effects of estradiol administered prior to training, during training, or both on a radial arm maze. Ovariectomized rats were implanted with 5-mm Silastic capsules containing 25% estradiol or 100% cholesterol for 30 days prior to training (P, n Å 8), throughout 24 days of training (T, n Å 9), or both (C, n Å 8). (A) Mean number of correct arm choices in the first eight visits ({SEM) averaged over 24 days of training (*P õ 0.05; ANOVA followed by Newman -Keuls). (B, C, D) Mean number of correct arm choices in the first eight visits ({SEM) for the three estradiol treatment groups compared to the cholesterol treatment group presented as 4-day blocks over 24 days of training.
Method
ectomized rats that received cholesterol for 30 days prior to training during the acquisition of an eight-arm Sixteen Long -Evans females were obtained at 25 radial maze. Choice accuracy data collected over 24 days of age and housed four per cage. At 35 days of days were analyzed by a two-way ANOVA (hormone age, all animals were ovariectomized and 5-mm Silastic condition, 4-day block) with repeated measures on capsules were implanted subcutaneously. Half of the block. Significant main effects of hormone condition animals received capsules containing 100% cholesterol indicated that females that received estradiol prior to and half received capsules containing 25% estradiol ditraining achieved a significantly higher mean number luted with cholesterol. All capsules remained in place of correct arm choices in the first eight visits, F(1, 58) for 30 days and were removed 1 day prior to initiation Å 5.74, P õ 0.02, and achieved a significantly higher of maze training. Food restriction and maze training mean number of correct choices before making an error, procedures were as described for Experiment 1.
F(1, 58) Å 4.63, P õ 0.05, Table 1 , compared to females Results that received cholesterol prior to training. Significant main effects of block for mean number correct of first Ovariectomized rats that received estradiol for 30 days prior to training significantly outperformed ovarieight choices, F(5, 290) Å 37.05, P õ 0.0001, and for mean number correct before the first error, F(5, 290) Å hippocampal sprouting induced by gonadectomy following removal of the entorinal cortex in female, but 30.30, P õ 0.0001, indicated that the performance of both groups improved over time. No interaction of hornot male, rats (Morse, Scheff, and DeKosky, 1986) . Finally, in cycling female rats at proestrus when endogemone condition and block was revealed.
nous estrogen levels are elevated, long-term potentiation in the CA1 response to Schaffer collateral stimulation was enhanced (Warren, Humphreys, Juraska, and Greenough, 1995) while hippocampal multiple unit activity and CA1 population evoked responses were inEstradiol delivered by Silastic implants beginning 30 days prior to training and continuing throughout 24 creased (Kawakami, Terasawa, and Ibuki, 1970; Wong and Moss, 1992) . Collectively, these data indicate that days of training significantly improved arm choice accuracy during acquisition of an eight-arm radial maze estrogen modulates structural and electrical activities in the hippocampus. in ovariectomized rats (Experiment 1). Additionally, estradiol administered for 30 days prior to training or However, despite this modulation of the hippocampus over the course of the estrous cycle, behavioral during 24 days of training also significantly improved arm choice accuracy during acquisition (Experiment 2). studies report either impairments in water maze performance when endogenous levels of estradiol are eleThe intriguing finding that exposure to estradiol for 30 days prior to training was sufficient to improve workvated (Frye, 1995; Galea et al., 1995; Korol et al., 1994; Warren and Juraska, 1997) or a lack of change in learning memory performance in a radial maze was replicated in a separate experiment (Experiment 3).
DISCUSSION
ing and memory performance over the estrous cycle in water mazes and radial arm mazes (Berry et al., 1997; A number of recent reports have documented that estrogen can positively influence performance on cer- Stackman et al., 1997) . Because most studies to date have focused on short-term modulation of dendritic structain learning and memory tasks (Fader et al., 1997; Luine and Rodriguez, 1994; Singh et al., 1994; Williams, ture and electrical responsiveness, the role of structural changes in the hippocampus induced by the chronic 1996). The results of the present study lend further support to the hypothesis that estrogen can promote learnestrogen treatments found to be behaviorally effective in the present study cannot be determined. However, ing and memory on certain types of tasks, in this case by improving working memory performance during at least one report (Henderson, Williams, and Einstein, 1996) indicated that short-term administration of estraacquisition of a radial arm maze. Although the mechanisms by which estrogen affects learning and memory diol by Silastic implant for 2 days prior to sacrifice (40 or 200 pg/ml) increased the spine density of dentate performance have not been identified, there are several interesting possibilities.
granule cells, while long-term administration for 1 year at these estradiol levels did not affect the spine density One mechanism by which estrogen may influence learning and memory performance is through the reof granule cells. Studies of changes in hippocampal structure after intermediate periods of estrogen expostructuring of dendrites and synapses in the hippocampus, an area traditionally implicated in working memsure (30 -54 days), as used in the current experiments, have not been conducted. ory (O'Keefe and Nadel, 1978) . Estrogen receptors in the hippocampus are located in the CA1 subfield, as Estrogen also could influence learning and memory performance through its modulation of neurotransmitwell as in the CA3 region and in the dentate gyrus (Loy, Gerlach, and McEwen, 1988; Maggi, Susanna, Bettini, ters including monoaminergic, glutamatergic, and peptidergic systems implicated by various experiments in Mantero, and Zucchi, 1989) . The density of apical dendritic spines on pyramidal neurons in the CA1 region learning and memory. Numerous studies also have implicated acetylcholine as a major neurotransmitter in is positively correlated with circulating levels of estrogen, as indicated by experiments in which exogenous the regulation of learning and memory (reviewed by Everitt and Robbins, 1997), and recent reports emestrogen was manipulated (Gould, Woolley, Frankfurt, and McEwen, 1990) and in which estrogen levels varied ploying the highly specific cholinergic immunotoxin 192 IgG-saporin support the role of cholinergic systems at different stages of the estrous cycle (Woolley et al., 1990) . The density of synapses in the stratum radiatum in the regulation of spatial working memory, but not spatial reference memory (Baxter, Bucci, Gorman, Wiof the CA1 region also positively correlates with fluctuation of estrogen levels during the estrous cycle ley, and Gallagher, 1995; Baxter and Gallagher, 1996; Shen, Barnes, Wenk, and McNaughton, 1996) . Many (Woolley and McEwen, 1992) . Furthermore, estrogen delivered via Silastic implants prevented a reduction in estrogen-concentrating neurons in septum, diagonal band, and other forebrain nuclei are cholinergic (Fallon, clear the system within 24 h after Silastic capsules were removed (Legan, Coon, and Karsch, 1975; Sodersten, Loughlin, and Ribak, 1983; Toran-Allerand, Miranda, Bentham, Sohrabji, Brown, Hochberg, and MacLusky, Eneroth, and Hansen, 1981) . Furthermore, we recently found that working memory performance during radial 1992), and estrogen can modulate cholinergic neurochemistry in basal forebrain areas, as well as in associmaze acquisition was enhanced in ovariectomized rats when Silastic capsules containing 25% estradiol were ated projection sites such as the hippocampus and cortex. For example, estrogen administered to ovariectoremoved 3 weeks before maze training began (Daniel, Spencer, and Dohanich, 1997) . mized rats increased the activity of the synthetic enzyme for acetylcholine, choline acetyltransferase, in
The mechanisms that mediate the behavioral effects of preexposure to estrogen are unknown, but there is the horizontal limb, hippocampus, and neocortex (Luine and McEwen, 1983; Luine, 1985; Singh et al., 1994) .
evidence that estrogen can induce neuronal changes that persist beyond the period of exposure. For examEstrogen also increased the number of basal forebrain neurons expressing immunoreactivity for choline aceple, several studies indicate that changes in cholinergic neurotransmission induced by estrogen in basal foretyltransferase and increased the relative cellular level of corresponding mRNA in ovariectomized rats (Gibbs brain and hippocampal neurons may be mediated by, or at least associated with, changes in estrogen-sensitive and Pfaff, 1992; Gibbs, Wu, Hersh, and Pfaff, 1994) . Ten days of estrogen replacement resulted in enhanced nerve growth factors and their receptors (Gibbs, 1994; Gibbs and Pfaff, 1992; Gibbs et al., 1994 ; Singh, Meyer, potassium-evoked acetylcholine release in the hippocampus and overlying cortex of ovariectomized rats and Simpkins, 1995; Toran-Allerand et al., 1992) . The effect of estrogen treatment on the expression of low- (Gibbs, Hashash, and Johnson, 1997) . Further, 2 weeks of systemic administration of estradiol significantly inaffinity nerve growth factor receptor in medial septal neurons of ovariectomized rats was reversible after 2 creased the number of neurons in the nucleus basalis magnocellularis that expressed immunoreactivity for weeks, but not after 4 weeks of treatment (Gibbs and Pfaff, 1992) , indicating that 4 weeks of estrogen treatcholine acetyltransferase (Gibbs, 1997) . Another measure of cholinergic function, high-affinity transport of ment induced long-term alterations of these basal forebrain cholinergic neurons. Similarly, in Experiments 2 the precursor choline, also was increased by estrogen treatment in both the frontal cortex and the hippocamand 3 reported here, 30 days of exposure to estradiol produced behavioral enhancements after steroid expopus of ovariectomized rats, restoring choline uptake to intact levels (O'Malley, Hautamaki, Kelley, and Meyer, sure had been terminated. The actions of estrogen on learning and memory re-1987; Singh et al., 1994) . Thus, estrogen has been shown to influence cholinergic neurochemistry in the hippoported in rodents have parallels in humans. As in the case of rodents, the effects of estrogen on cognitive campus, cortex, and basal forebrain nuclei, brain regions implicated in learning and memory. function in women are task-specific, with enhancements of verbal ability and fine motor skills and impairOne of the most interesting results found in the present experiments is that prior exposure to estradiol for ment of spatial memory (Sherwin, 1994) . The effects of estrogen administered following menopause may have 30 days can enhance learning and memory performance. The positive effect of prior exposure to estrogen important implications in the treatment of dementias. Recent reports indicate that estrogen replacement in on working memory performance during maze acquisition indicates that the steroid need not be present in postmenopausal women is correlated with a later age of onset and a reduced incidence and severity of Alzheithe system at the time that its behavioral effects are expressed. Consequently, estrogen appears to induce mer's disease, an illness characterized by memory impairments (Fillit, Weinref, Cholst, Luine, McEwen, changes in neuronal function that persist well beyond the period of exposure. Moreover, the emergence of Amador, and Zabriskie, 1986; Henderson et al., 1994;  Honjo, Ogino, Natioh, Urabe, Kitawaki, Yasuda, Yamabehavioral effects after the steroid has been removed from the system suggests that the enhancement of mota, Ishihara, Okada, Yonezawa, Hayashi, and Nambara, 1989; Paganini-Hill and Henderson, 1994 ; Tang et working memory probably cannot be attributed to a direct action of estrogen on various nonmnemonic proal., 1996) . Although the duration and level of estrogen exposure necessary to slow the development and prolifcesses such as motivation, activity, attention, sensation, or appetite (McGaugh, 1989) . While there is still the eration of Alzheimer's disease are unknown, longer durations of exposure are correlated with greater reducpossibility that residual exogenous estrogen remained in the animals at the beginning of maze training, phartions in risk in some studies (Paganini-Hill and Henderson, 1994; Tang et al., 1996) . However, our data suggest macokinetic evidence indicates that estradiol would neurons vary as a function of dose and duration of treatment. Brain that estrogen may enhance performance even after a Res. 757, [10] [11] [12] [13] [14] [15] [16] limited period of exposure. Consequently, the ability of Gibbs, R. B., Hashash, A., and Johnson, D. A. (1997 
